For the orthorhombic intermetallic semiconductor Al 2 Ru, the bandstructure, valence charge density, zone center optical phonon frequencies, and Born effective charge and electronic dielectric tensors are calculated using variational density functional perturbation theory with ab initio pseudopotentials and a plane wave basis set. Good agreement is obtained with recent measurements on polycrystalline samples which showed anomalously strong far IR absorption by optical phonons, while analysis of the valence charge density shows that the static ionic charges of Al and Ru are negligible. Hybridization is proposed as the single origin both of the semiconducting gap and the anomalous Born effective charges. Analogous behavior is expected in related compounds such as NiSnZr, PbTe, skutterudites, and Al-transition-metal quasicrystals. 78.30.Hv, 71.20.Lp, 63.20.Dj Typeset using REVT E X 1
Typeset using REVT E X 1 Al 2 Ru is an intermetallic semiconductor 1 quite close in composition to the Al-transitionmetal quasicrystals. Because of its relatively simple crystal structure, it has been suggested 2, 3 that investigation of Al 2 Ru can contribute to the understanding of the pseudogap in the electronic density of states observed in quasicrystals. From first-principles calculations of the bandstructure and charge density performed using linear-muffin-tin-orbitals (LMTO) in the atomic sphere approximation, 2 it has been shown that the fundamental gap results from the hybridization of sp(Al) and d(Ru) states. More recently, hybridization has been identified as the origin of the pseudogap in other aluminum-rich transition-metal compounds.
4,5
This high degree of hybridization in states near the fundamental gap might be expected to have implications for other properties as well. In perovskite-structure oxides, it has been shown that hybridization between oxygen p orbitals and transition-metal d orbitals results in values for Born effective charges much larger than the nominal ionic values.
6,7,8
In Al 2 Ru, experimental measurement of the optical conductivity shows a strikingly large oscillator strength for phonon absorption. 3, 9 The estimated values of Born effective charges, comparable to those of typical ionic insulators, are very much larger than the static ionic charges, which previous calculation 2 has shown to be negligible. In this paper, we report the first-principles calculation of the zone-center phonon frequencies, the Born effective charges, and the dielectric tensor of Al 2 Ru. We obtain good agreement for the far-infrared optical conductivity with the experimental measurements. Confirming that the static charge transfer between Al and Ru is negligible, we conclude that hybridization may be responsible for the large effective charges, providing a single mechanism linking the formation of the semiconducting gap and the observed strong phonon optical absorption in the far IR.
The first principles calculations were performed using the ab initio pseudopotential method with a plane wave basis set and the conjugate gradients algorithm. To compare these results quantitatively with the measured optical conductivity, we also need the phonon frequencies and eigenvectors at q = 0. The point group is D 2h , with eight irreducible representations (irreps) 21 . The dynamical matrix takes a block diagonal form, with a 6×6 block corresponding to pure displacements in thex direction (A and B 1 irreps) and a 12×12 block corresponding to displacements alongŷ andẑ (B 2 and B 3 irreps). The calculated frequencies of the eighteen phonons are listed in Table I 
where S j is the oscillator strength of the jth mode
and κ runs over the six atoms in the unit cell with volume V 0 , M κ is the ion mass, and ω j , e(κj), and γ j are the jth dynamical matrix eigenfrequency, eigenvector, and broadening, respectively. Since we are comparing with results from a polycrystalline sample, we sum over all modes neglecting the polarization index, and divide by 3 to average over all directions.
The experimental measurement 23 at 300 K, shown in Fig. 3(a) the theoretical σ 1 (ω) are chosen to reproduce the intensities of the lowest two experimental peaks, with γ 4 and γ 5 chosen to reproduce the qualitative shape of σ 1 (ω) at higher frequencies ( Fig. 3(b) ). While the lowest calculated peak is in excellent agreement with experiment, the splitting of the second and third calculated peaks is seen to be slightly too large. In addition, their combined oscillator strength, obtained from the calculated eigenvectors, is rather too small relative to the upper two first-principles peaks. However, the calculated value for the integrated oscillator strength 8 σ 1 (ω)dω is 4.74×10 28 s −2 , in excellent agreement with the experimental value of 4.94×10 28 s −2 . Since this quantity is mainly determined by Z * κ,αβ and is relatively insensitive to the phonon frequencies and eigenvectors, we conclude that the large first-principles values for the effective charges agree quite well with experiment.
Since the real part of the optical conductivity is independent of the dielectric tensor ǫ ∞ , an experimental value for comparison with our calculations must be obtained from the imaginary part of the optical conductivity σ 2 (ω) = − ω 4π ǫ 1 (ω). We fit the measured σ 2 (ω)
, we obtain an experimental value of the polycrystalline average ǫ ∞ of 17, which is 18% smaller than the average of the calculated values 1 3 (ǫ xx + ǫ yy + ǫ zz ) = 20.8. This overestimate is typical of the results for this quantity calculated using LDA.
24
Our first-principles calculations show that large Born effective charges are an intrinsic feature of Al 2 Ru, consistent with experimental observation of strong phonon absorption.
However, these large charges are not the result of a static charge transfer typical of ionic compounds. Instead, given that the key role of hybridization in opening the semiconduct- 
